The sensitivity of the circadian pacemaker of the field mouse Mus booduga to diffuse daylight pulses of 15 min duration and 1000 lux intensity was measured in a series of experiments and a phase response curve (PRC) constructed. The PRC evoked was of type-I with significant quantitative differences compared to the PRCs constructed for other light stimuli (fluorescent and incandescent light sources) of the same intensity and duration. Not only are the advance and delay peaks larger in the daylight PRC, but there is also significant qualitative and quantitative differences in the shape of the PRC. The area under the advance zone of the diffuse daylight PRC (A) was found to be significantly greater than the A of (i) the fluorescent light PRC and of (ii) the incandescent light PRC. The area under the delay zone of the diffuse daylight PRC (D) was also found to be significantly greater compared to D of (i) the fluorescent light PRC and of (ii) the incandescent light PRC. These differences in the shape of the PRCs can only be attributed to the variation in the spectral intensity distribution of the different components in the three light stimuli used since all other factors (e.g. sample size, free-running period, duration and intensity of light pulse etc.) were comparable in the three PRC experiments. We conclude that the circadian photoreceptor(s) of the field mouse M. booduga are sensitive to variations in the spectral composition of light stimuli.
INTRODUCTION
In virtually all living organisms, rhythmic phenomena are dictated by innate temporal programmes for metabolism and behaviour that are most appropriately manifested in constant environmental conditions. The innateness (genetic control) of the oscillation characteristics of these is attested to in many ways, including its susceptibility to change of spontaneous frequency (period) by laboratory selection (Pittendrigh, 1981) or by chemical mutagenesis (Konopka and Benzer, 1971) . Regardless of the fact that the first light pulse phase-resetting was reported as early as 1958 (Hastings and Sweeney, 1958) and has since been investigated in depth in several eukaryotic systems (Johnson, 1990 (Johnson, , 1992 Kronauer et al., 1993; Boivin et al., 1996) , the subject is still intriguing, as manifested by the sustained interest in the understanding of entrainment kinetics and clock mechanisms (Dharmananda, 1980; Pittendrigh, 1981; Binkley and Mosher, 1987; Johnson, 1992; Crosthwaite et al., 1995) . The biologically significant features of the entrainment phenomenon relating to the control of the circadian rhythms by periodicities in the external environment are twofold (Pittendrigh, 1965 ): 1. Control of the innate circadian period to precisely equal that of the environment; and 2. Establishment of a definite phase-relationship between the innate oscillation of the organism and the periodicity of environmental changes.
The phase shift of a circadian system is commonly considered to involve the central mechanism -the so-called "pacemaker oscillation". Studies of factors and conditions evoking physiological and behavioural responses of organisms to light, temperature and several drugs causing phase shifts have contributed to understanding of the circadian pacemaker (Johnson, 1992) . One of the prerequisites for phase control is a periodically changing sensitivity of organisms to the stimuli of a zeitgeber. A plot of the phase-shift of the oscillation (∆ϕ) as a function of the phase at which the stimulus is presented is referred to as the Phase Response Curve (PRC) (Aschoff, 1965) .
Notwithstanding the central importance of light as such in circadian entrainment, reports on the effects of the spectral composition of the light on circadian processes remain scanty. The limited data available suggest the existence of important species differences in pigments, receptors and pathways involved (Hastings et al., 1991; Bauer, 1992) . However, in mammals, action spectra for entrainment were found to resemble the spectral sensitivity curve for rhodopsin, with a single peak in the blue-green region (Gordon and Brown, 1971; McGuire et al., 1973) . The existence of two different classes of photoreceptors, sensitive to either short or medium wavelengths, in the nocturnal cave-dwelling bat, Hipposideros speoris (Joshi and Chandrashekaran, 1985) , has been postulated. Most PRCs, however, are constructed under laboratory conditions with incandescent or fluorescent light stimuli. The spectral composition of natural daylight being "richer" compared to artificial sources of lights, we considered it useful to investigate its effect on the circadian pacemaker of the field mouse Mus booduga. We chose these mice for our study because of their clear-cut, precise, easily measured circadian rhythm in locomotor activity. The present study was undertaken to construct a daylight PRC and to compare its features with those of PRCs constructed for this and other organisms, by using fluorescent and incandescent light.
MATERIALS AND METHODS
Adult male mice M. booduga were captured from the fields surrounding the Madurai Kamaraj University campus (9 o 58' N, 78 o 10' E). All the animals were about 90 days old. They were initially maintained under light / dark (LD) 12:12 h for ca. 15 days and then introduced to cages equipped with running wheels. An eccentrically placed magnet in the running wheel facilitated the recording of wheel-running activity by completing / breaking the electrical reed-relay circuit which was picked up by an Esterline Angus Event recorder -A 620 X. Mice feed consisting of grains, and water were available ad libitum. Battery-powered torch lights with a combination of filters transmitting red light of wavelength more than 610 nm (Viswanathan and Chandrashekaran, 1985) were used for feeding and other purposes during short periods of time.
The experimental animals were allowed to free-run under constant dark (DD) conditions in a light-tight, adequately ventilated experimental cubicle (l × b × h= 3.05 m × 2.44 m × 4.27 m). Temperature (25 ± 1 o C) and humidity (70 ± 5%) in the cubicle were recorded with a thermohygrograph (Wilh. Lambrecht KG, Goettingen) and were found to be nearly constant throughout the experiment. After ca. 10 days of stable free-running in DD, the animals were subjected to diffuse daylight pulses of 15 min duration and 1000 lux intensity, at desired circadian times (CTs). At this latitude most days are sunny with clear skies and all experiments were confined to sunny days. Light intensity was measured using an UDT optometer. Steady 1000 lux of diffuse daylight was obtained by positioning the animals under a shed, at appropriate locations. The animals were held in plexiglass boxes (0.08 m × 0.04 m × 0.05 m) and were made to face the daylight in all experiments in order to minimize differences in perceived light intensities. The light probe of the optometer was placed inside the plexiglass box and appropriate locations for experiments were determined (where the intensity of diffused daylight was 1000 ± 10 lux). Factors such as the animals' free-running periods, the duration and intensity of light pulses and the sample size etc., were comparable in the experiments performed to construct PRCs for diffuse daylight, fluorescent light (240V, 20W, 6500 o K), and incandescent light (Schott Mainz KL 150B, Germany). Free-running periods, CTs of pulse administration and the induced ∆ϕ were computed using eye-fitted and regression lines. ∆ϕ and CTs were expressed in circadian time i.e., (× τ/24) throughout the text. CT12 coincides with onset of activity. In all the three PRC experiments six animals with comparable τs (23.73 ± 0.23 h) were subjected to a light pulse at appropriate phases of the circadian cycle (CTs 0, 2, 4, 6, 8, 10, 12, 14, 15, 16, 18, 20, and 22) . In order to get an estimate of the variation in D and A within each experiment, the following scheme of resampling was followed. From the six data points at each phase available in each experiment, one was chosen at random and a PRC constructed.
This sampling process was repeated, with replacement, twelve times, thus generating 12 PRCs per experiment, which, in turn, yielded twelve values of D and A for each experiment. These values of D and A were used to construct confidence intervals about the estimated mean of D and A for each experiment. These 36 values of D and A were used as data for one way analysis of variance (ANOVA), treating experiment (light type) as a fixed factor. Differences among the shapes of the three PRCs were tested for significance by Scheffé's test ( with family type I error rate fixed at 0.05). Fig. 1 . PRC (phase response curve) evoked by diffuse daylight pulses of 15 min duration and 1000 lux intensity for the circadian rhythm in the locomotor activity of M. booduga. CT0-CT12: subjective day; CT12-CT24: subjective night. Error bars are standard errors about the mean phase shift for 6 animals.
RESULTS
Single diffuse daylight pulses of 15 min duration and 1000 lux intensity evoked a PRC (Fig.1) differing from other PRCs obtained with light stimuli of comparable intensity and duration but of different spectral composition (incandescent and fluorescent light). The differences are in terms of the area under the delay and advance zone of the PRC, the amplitude of the advance and delay regions, and the zero transition, particularly during the subjective day. Maximum delay responses were obtained by presenting light pulses at CT15 to six animals, of which the delay ∆ϕ responses of three animals are illustrated in Fig. 2a-c . A light pulse administered to another six animals in as many experiments at CT20 evoked maximum advance responses. Such ∆ϕ are illustrated for three animals in Figs. 3a-c. Figure 1 shows that the ∆ϕ caused by these light pulses give rise to a low amplitude type-I PRC, with the maximum advance average ∆ϕ of 1.08 ± 0.15 h at CT20, and the maximum delay average ∆ϕ of 2.52 ± 0.34 h at CT15. The early subjective day, from CT0 to CT3, corresponds with phases of advance ∆ϕ, and the rest of the subjective day, from CT3 to CT12, shows delay responses. However, delay ∆ϕ remain predominant during the early subjective night, CT12 to CT19, whereas advance ∆ϕ occur between CT19 and CT0, the late subjective night. These bidirectional phase responses would appear to be crucial for the occurrence of entrainment to external LD cycles. The areas under the delay (D) Fig. 3 . Data for wheel-running activity rhythm of three adult male mice administered light pulses at CT20 evoking maximum phase advance. ∆ϕ for Fig. 3 and advance (A) zones of the diffuse daylight PRC were 15.17 ± 0.08 h 2 and 5.01 ± 0.03 h 2 as compared to the same for the fluorescent light PRC (D = 8.39 ± 0.04 h 2 .; A = 3.67 ± 0.01 h 2 ) and those for the incandescent light PRC (D = 5.58 ± 0.03 h 2 ; A = 1.53 ± 0.01 h 2 ) respectively (Fig. 4) . Both D and A values differed among the three light pulse PRCs, with all pair-wise comparisons being significant (Scheffé's test, minimum significant difference = 0.436, p < 0.02). Although the maximum phase delays and advances occur in the early and the late subjective night respectively, the circadian pacemaker of M. booduga remains sensitive to diffuse daylight pulses throughout the subjective day, thus exhibiting a lack of a distinctive light refractory zone (Fig. 1) . Fig. 4 . PRCs constructed for the circadian rhythm in the locomotor activity of M. booduga for 15 min duration and 1000 lux intensity pulses, evoked by three different stimuli.
DISCUSSION
In the present study the onset of locomotor activity was chosen as the phase reference point because of its allegedly close coupling with the physiological basis of the rhythm (Gwinner, 1975; Chandrashekaran et al., 1983) . For nocturnal rodents, the onset of activity coincides with dusk and is denoted as CT12. In these animals the onset and end of activity are postulated (Pittendrigh and Daan, 1976) to be controlled by two mutually coupled hypothetical oscillators: E, the evening oscillator and M, the morning oscillator, respectively. Under natural conditions, light impinging during the early subjective night would evoke appropriate phase delays, and light coinciding with the end of the subjective night would effect phase advances, i.e. opposite responses. The "on" and "off" transitions of light for the incidence of diapause in the pink bollworm, Pectinophora gossipiella, (Adkisson, 1965) and for the eclosion rhythm of Drosophila pseudoobscura, (Chandrashekaran et al., 1973) were postulated to convey "dawn" and "dusk" information, respectively, depending on the phase at which they were administered. The identification of "dawn" and "dusk" pulses by the system may be attributed to the spectral composition of these pulses and/or to the rate of increment and/or decrement of light intensity during dawn and dusk. Krüll (1976) suggested that the daily colour variation in the arctic sky during the polar summer was able to entrain the activity of diurnal birds. Nuboer et al. (1983) also reported that the onset of activity in wild rabbits depends on the changes in colour and intensity of an artificial regimen.
In Hipposideros speoris, white light pulses of 15 min duration and 1000 lux intensity of different spectral qualities were found to evoke PRCs with deviant responses during the subjective night (CT14 to CT24) phases (Joshi and Chandrashekaran, 1985) . Besides the PRC being reported here, the PRC for the H. speoris system is the first and only other daylight PRC constructed for any circadian rhythm. The incandescent light pulses produced marked advance ∆ϕ in the subjective night phase, whereas the daylight and fluorescent light pulses caused pronounced delay ∆ϕ in the same phase. In contrast, the circadian rhythm of the locomotor activity of M. booduga responds differently ( Fig. 4 ; Kumarswamy, 1993, unpublished; Geetha et al., 1996) , since a qualitative similarity between all the three PRCs, marked by maximum delay during the early subjective night and maximum advance during the late subjective night, is obvious.
In M. booduga, diffuse day light pulses of 15 min duration and 1000 lux intensity are found to evoke a PRC of type-I, which shows amplfied delay and advance peaks and shift in the zero transition when compared to the PRCs constructed for fluorescent (Geetha et al., 1996) and incandescent (Kumarswamy, 1993 ; unpublished) light pulses (Fig. 4) of the same intensity and duration. Therefore, although the PRCs evoked by daylight, fluorescent and incandescent light stimuli are fairly similar, there exists a significant difference in shape of the PRCs. Such differences in the PRC shapes seem to be of ecological as well as physiological significance and can only be attributed to the differences in the distribution of spectral composition of the various components of the three light stimuli used (Fig. 5) . Also, the influence of low dose UV radiation or far red components or of both cannot be ignored. The phase response characteristics of circadian rhythms featured by daylight PRCs may mirror more faithfully the events involved in entrainment by the natural light/dark cycle. 
